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Abstract 
We examined the role of localized electrons in the accumulation layer of Sn-doped InSb quantum wells (QWs) with various well-
widths (Lw = 15~150 nm). At liquid He temperatures, the samples with the sheet resistance ρ > ρc = h/e2 for Lw < 30 nm exhibit 
the variable-range hopping (VRH), while those with ρ < ρc for Lw > 50 nm exhibit weak localization (WL), where ρc is the 
quantum resistance. In particular, a part of the electrons (with density of Nstr = 8×1010 cm–2) from Sn donors are trapped at the 
interface states at low temperatures below 77 K. In the WL regime, we observed the small positive magnetoresistance (MR) peak 
arising from the weak anti-localization (WAL) in the presence of spin-orbit interaction (SOI). In contrast to the WAL in WL 
regime, the low-field MR in the VRH regime remains entirely negative surviving the SOI, indicating that the hopping MR due to 
the quantum interference (QI) is completely negative regardless of the SOI. This result supports the predictions based on the 
directed-path approach for forward-scattering paths ignoring the back-scattering return loops for the QI in the VRH. 
 
PACS: 73.23.-b; 73.61.Ey; 73.63.Hs 
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1. Introduction 
    InSb quantum well (QW) confined by AlxIn1-xSb barrier layers with little lattice-mismatch has been attractive for 
high-speed and highly sensitive devices such as magnetic sensors and high-electron-mobility transistors 
(HEMTs)[1]. Nevertheless, experimental results have shown the difficulty of growing high-quality InSb QW 
structures due to the lack of suitable lattice-matched semi-insulating barrier material, which is crucial for high-
quality QW. Liu et al. [2] grew an Al0.04In0.93Sb/InSb/Al0.07In0.93Sb selectively doped QW structure with 0.5% 
lattice-mismatch at the hetero-interface, and obtained a high mobility of ~ 2.0 m2/Vs at room temperature (RT). 
Kudo et al. [3] pointed out that the Al content of 0.07 in the Al0.07In0.93Sb was too low to prevent the leakage current 
through the barrier layers and it must be at least 0.15 to achieve a highly resistive barrier layers. The electron    
mobility of the InSb QW with the Al0.15In0.85Sb barrier layers was, however, only ~ 0.2 m2/Vs at RT due to the 
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increased lattice-mismatch [3]. Moreover, in the QWs of narrow-gap semiconductors such as InAs and InSb, 
uncontrollable electron accumulation in the QWs occurs even when neither QW nor barrier region is intentionally 
doped. Deep donors in the barrier layers are supposed to be the most plausible source of such extrinsic electrons [4]. 
These electrons are confined to the limited range near the interface of the QW due to the build-in electric field. Here, 
we assume that the accumulation is biased toward one side of the double heterointerfaces in the inclined QW 
because of the asymmetric structure of the barrier layers. 
    In practice, the two-dimensional electron gas (2DEG) is often affected by disorder caused by some random field 
present in the sample. The disorder leads to considerable modification in the density of states (DOS) giving rise to 
tail states deep below the subband edge of the ideal 2DEG [5]. In particular, in the case of AlxIn1-xSb/InSb QWs the 
extrinsic electrons with extraordinarily small mobility accumulate at the heterointerface, forming the strongly 
localized accumulation layer owing to large potential fluctuations of unknown origin. For this reason, we have to 
suppose that the DOS of 2DEG in AlxIn1-xSb/InSb QW is remarkably modified into the one with a long DOS tail at 
the heterointerface. In undoped InSb QWs, the major source of extrinsic carriers is expected to be deep donors in the 
barrier layers although the background donors in InSb may also be responsible but subsidiary, and these electrons 
must fall into the deep localized states of the long DOS tail in the accumulation layer at low temperatures (LTs). In 
Sn-doped InSb QWs, on the other hand, the electrons from shallow donors of Sn will partially fall into the 
accumulation layer and partially extend in the QW. The understanding of the transport mechanism in the 
accumulation layer is crucial for device applications. 
    In order to clarify the role of the accumulation layer in the transport properties of InSb QWs, we have examined 
the well-width (Lw = 15~150 nm) dependence of transport characteristics in Sn-doped InSb QWs at LTs. Uniformly 
Sn-doped InSb layer was sandwiched by Al0.1In0.9Sb barrier layers (the band gap of Al0.1In0.9Sb is about 0.34 eV at 
RT [6]) with widths of 50 and 700 nm), which was grown on GaAs(100) substrates by MBE with a 6-nm-thick cap 
layer. The lattice mismatch between the QW and the barriers is only ~ 0.5%. nd = 7.0 × 1016 cm–3 was set as the 
doping density of Sn for each well width. In this study, we especially include an undoped sample with Lw = 100 nm 
so as to explore the barely insulating regime in this system in particular. 
2. Results and Discussion  
    In the uniformly doped QWs, the extrinsic electrons from shallow donors are inherently biased toward one side of 
the double heterointerfaces at LTs and form a 2DEG in the narrow accumulation layer. In such situation, the 
variation of Lw leads to a drastic change of the transport properties. Table 1 shows various physical parameters at 4.2 
K for the samples in this study. Fig. 1 shows the temperature dependence of sheet resistance ρ(T) for the Sn-doped 
InSb QWs with various Lws. As is shown in Fig. 2(a), at LTs, the samples with ρ > ρc = h/e2 (= 25.9 kΩ) for an 
undoped smple and the doped ones with Lw < 30 nm exhibit the variable-range hopping (VRH) (ρ ~ exp[T0/T]1/3)  
 
 
Table 1.  Sample parameters for Sn-doped InSb QWs and an undoped one at low temperature (4.2 or 1.4 K). ρ is the 
sheet resistance, ns the sheet carrier density, μ the mobility, kF the Fermi wave number, l the mean free path and Δ0 
the zero-field spin-splitting energy. The transport magnetic field (Btr) and the crossing magnetic field (Bc) are the 
parameters for the MR of WL and orbital EEI, respectively (see text). 
 
  Lw ρ (4.2 Κ) ns (4.2 Κ) μ =RH(0)σ0(4.2 Κ) μ =1/Bc
kFl 
 (4.2 Κ)
Btr 
(1.4 Κ) Bc Δ0 
(nm) (kΩ) (1011cm-2) (m2/Vs) (m2/Vs)  (mT) (T) (meV)
15 75300 0.37 - - - - - - 
30 29.0 1.3 - - - - - - 
50 2.69 2.4 0.95 0.73  9.53 59 1.4 2.16 
70 1.38 3.7 1.24 1.09 18.8 22 0.92 2.21 
100 0.612 6.1 1.68 1.49 42.2 7.1 0.67 2.47 
150 0.358 10.0 1.73 1.09 72.1 4.0 0.92 - 
100 (undoped) 257 1.3 - - - - - - 
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between localized states in the insulating regime, while those with ρ < ρc for Lw > 50 nm exhibit weak localization 
(WL) (Δρ ~ –lnT) in the metallic regime (Fig. 2-b). ρ = ρc means kFl = 1, where kF is the Fermi wave number and l 
the mean free path, and ρc corresponds to the critical sheet resistance at the metal-insulator (MI) transition in two-
dimensional electron gases (2DEGs) [7]. A plausible explanation for the apparent Lw dependence seen in Fig. 1 is 
given by the Fermi-level (EF) dependence of ρ(T) in the assumed tail states of 2D DOS near the interface. While the 
tail actually becomes longer due to larger potential fluctuations as the interface is approached, we here assume a 
simple triangular rigid DOS tail. In the band-tail model, a mobility edge Ec divides the DOS into the extended and 
localized states in the tail states. For Lw < 30 nm all donor electrons fall into the localized states (EF < Ec) exhibiting 
the VRH, while for Lw > 50 nm there exist excess electrons in the extended states (EF > Ec) showing the WL. Thus, 
the width of the localized accumulation layer is roughly estimated to be ~ 40 nm. 
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Fig. 1 Sheet resistance ρ(T) in unit of h/e2 for various 
samples with different well width: Lw = 15 ~ 100 nm. 
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Fig. 2 (a) ρ(T) in units of h/e2 versus T–1/3 for samples (including an undoped 
one) in the Mott VRH regime. The straight lines are fits to ρ = ρ0exp(T0/T)1/3. 
(b) Logarithmic dependence of ρ(T) for samples in the WL regime. 
Fig. 3 Carrier density, n (cm–3) (a) and ns (cm–2) per sheet (b) versus Lw at RT and LTs (77 and 4.2 K). (a) At RT, n = nd + ni, where 
ni is intrinsic electron density (ni = 2.0×1016 cm–3). At LTs, the data fit the relation: n = nd – Nstr/Lw, where Nstr = 8×1010 cm–2 is the 
trapped electron density. (b) At RT, ns = (nd + ni) Lw. At LTs, the data fit the relation: ns = ndLw – Nstr (Nstr = 8×1010 cm–2).  
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Further, Fig. 3 and 4 show the carrier density, n (cm–3) in 3D and ns (cm–2) in 2D versus Lw, respectively, deduced 
from the Hall coefficient in weak-field limit at RT and LTs (77 and 4.2 K). As shown in Fig. 3, for a wide QW (Lw 
=150 nm), n (cm–3) at RT equals to nd + ni (intrinsic electron density) and equals to nd at LTs. However, n at LTs 
decreases from nd with decreasing Lw from 150 nm. In particular, the decrease n is remarkable for Lw < 50 nm, and it 
is explained by the relation: n = nd – Nstr/Lw, assuming that a part of the localized electrons are trapped at the 
interface states and its density is independent of Lw. Here, Nstr is the trapped electron density, and Nstr  = 8 ×1010 cm–2 
is obtained from the fit to this model. Such feature is more clearly indicated by ns = ndLw – Nstr in Fig. 4, where the 
magnitude of negative value at the intersection with vertical axis coincides with the above value of Nstr. The trapped 
states are considered to form the deepest states of long localized band-tail states near the interface. The trapped 
electrons at LTs are assumed to be unable to produce the Hall current but probably able to cause the VRH 
conduction. Therefore, the electrons from shallow donors of Sn in doped InSb QWs will generally partially fall into 
the localized states at the interface and partially stay in the extended states in the QW. At RT, all of these trapped 
electrons will be thermally exited becoming to extend throughout the QW and produce the Hall current. 
The features of LT magnetoresistance (MR) for samples with Lw > 50 nm and Lw < 30 nm are also characteristic 
of the WL and the VRH regimes, respectively. Fig. 5 shows the MR in perpendicular magnetic (B) field to a 2D 
plane for the sample with Lw = 50 nm in the WL regime. The profile of ρxx(B) can be divided into three regimes 
dominated by the 2DEGs in spite of the background of classical positive MR. In low magnetic field, the negative 
MR characterized by the weak anti-localization (WAL) [5-7] is observed as shown in the inset, indicating the large 
spin-orbit interaction (SOI). In moderate field where the WL is fully suppressed, there is the crossing of ρxx curves 
for different temperatures around Bc. According to the theory for the orbital effect on electron-electron interaction 
(EEI) in the 2D diffusive regime [11-14], the MR is given by ρxx = ρ0 – ρ02(1– μ2B2)Δρee(T), where ρ0 is the classical 
Drude resistance and Δρee(T) the temperature-dependent correction term due to EEI. Thus, ρxx curves for different 
temperatures should cross at Bc = 1/μ. The inferred mobility from Bc is reasonably smaller than the one obtained 
from the Hall and resistance measurements in the absence of a magnetic field (Table 1). Above Bc, one can barely 
see the SdH oscillations characteristic of the 2DEG. 
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Fig. 5 LT MR in magnetic field perpendicular to 2D 
plane for the sample with Lw = 50 nm in the WL regime. 
Inset: weak-field MR characteristic of WAL. 
Fig. 6 Low-field magneto-conductance (MC), Δσ(B), at LTs 
for the doped QWs with Lw = 50 and 100 nm in the WL 
regime. Solid curves are the fits to ILP theory for the WAL. 
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    The various experiments on the III-V narrow-gap semiconductor QWs revealed the dominance of the Rashba SOI 
that originates in structural inversion asymmetry [10]. The importance of the other contribution, i.e., the Dresselhaus 
SOI originating in bulk inversion asymmetry has also been argued [9, 16-19]. The WAL fits to the MR data in WL 
regime were performed to estimate the strength of SOI with the parameters, the inelastic scattering length li = 
(Dτi)1/2 and the SO scattering one lso = (Dτso)1/2, where D is the diffusion constant, τi and τso are inelastic and SO 
scattering times, respectively. Fig. 6 displays the low-field magneto-conductance (MC), Δσ(B), at the LTs below 4.2 
K for the doped QWs in the WL regime and the fitting curves to Iordanskii, Lyanda-Geller and Pikus (ILP) theory 
[20], which takes account of both Rashba and Dresselhaus terms. Here, we ignored the kF-cubic Dresselhaus term, in 
the same way as Ref. 10. The WAL theory is valid for B < Btr (= h¯/4Deτ =  h¯/2el2 where τ is the elastic scattering 
time). The values of Btr for samples in the WL regime are shown in Table 1. The experimental data for either sample 
well fit the predicted curves for B < 0.2Btr. The deviation from the prediction in higher magnetic fields results from 
positive MR effects due to both orbital and spin-Zeeman effects on EEI as well as the classical parabolic MR.  
Above fits yield the zero-field spin-splitting energy, Δ0, shown in Table 1. Some recent reports showed that the 
Dresselhaus term is also important in narrow gap semiconductors [16-19]. In particular, the InSb-based 
heterostructure has a large Dresselhaus SO coupling parameter resulting from a large weight factor compared to 
other material systems [21]. Further investigations are necessary to distinguish these two contributions to the SOI. 
    While the WAL in the presence of SOI explains the observed MR in weak magnetic fields for the samples in the 
metallic regime, we detected no sign of positive MR (negative MC) in weak fields for the samples in the VRH 
regime. For WL electrons, in the absence of SOI, a magnetic field causes an increase of localization length ξ 
(negative MR), arising from the suppression of backscattering loops in the quantum interference (QI) by a magnetic 
field. With SOI, a magnetic field has the opposite effect of decreasing ξ (positive MR). The behavior of low-field 
MR for SL electrons is more controversial and less understood. The main mechanism in this regime is the QI among 
forward-scattering paths between the two sites taking part in a single hop [22, 23]. The predictions based on the 
directed-path approach ignoring the back-scattering processes conclude a negative MR, but no change in ξ, in either 
case of absence or presence of SOI [25]. On the other hand, a random-matrix approach proposed in analogy to the 
WL regime predicts that a magnetic field leads to a doubling of ξ (big negative MR) without SOI, but halving of ξ 
(big positive MR) with SOI [24]. 
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The low-field negative MR due to the QI is determined by the flux Φ = BA, where A is the penetrating area 
determined by an ellipse of length Rh (average hopping distance) and width (Rhξ)1/2. In this area, phase coherence is 
maintained among alternative forward-scattering paths during a single hop. According to the predictions based on 
the directed-path approach [23, 24], the negative MR grows proportionally to Φ 2 = (BA)2 in low fields and Φ = BA 
in moderate fields. The field dependence of the above negative MR is summarized as follows; –Δρ/ρ(0) ∝ Rh3/2ξ1/2 
B = f1(T)B in a moderate field and –Δρ/ρ(0) ∝ Rh3ξB2 = f2(T)B2 in a low field, where ξ  and Rh are assumed to be 
nearly independent of B. Thus, the negative MR varies linearly with B in moderate fields and with B2 in low fields.  
Fig. 7(a) and (b) are the examples of analyzed results for the B and B2 dependences of the MR, respectively, for 
the undoped sample with Lw = 100 nm in the barely insulating Mott VRH regime. We can obtain f1(T) and f2(T) from 
the gradient by fitting the plots. Since Rh = RM ∝ T–1/3 for Mott VRH [25], the T-dependent factors f1 and f2 should 
have the following relationships: f1(T) ∝ T–1/2 and f2(T) ∝ T–1 [26]. The insets in the figures show the T variations of 
f1(T) and f2(T) in agreement with the predicted T dependences. In contrast to the WAL in WL regime, the low-field 
MR in the VRH regime remains entirely negative surviving the SOI even in the barely insulating regime where a SO 
effect on the MR might be recognizable. 
    In conclusion, we demonstrated that the variation of the well width of uniformly doped InSb QW induces the     
MI transition of 2DEG which falls into the accumulation layer at the heterointerface. A part of such localized 
electrons are trapped at the interfacial states, and its density was estimated as Nstr = 8 ×1010 cm–2. While the WAL in 
the presence of SOI explains the observed MR in weak magnetic fields in the metallic regime, we detected no sign 
of low-field positive MR (negative MC) in the insulating VRH regime in agreement with the predictions based on 
the directed-path approach, that the hopping MR due to the QI is completely negative regardless of the SOI [24].   
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